Serious deformation on the pipe transporting hot water for heating was occurred by the cyclic heat impact during trial operation. Nondestructive inspection (RT, UT, MT, PT) and continuous indentation test were carried out to observe the flaw on the pipe and the variation of mechanical property for pipe material respectively. It was newly found by radiographic test that incomplete penetration flaws exist on every welding zone, which had been generated during the process of production. Ultrasonic test showed the length of incomplete penetration flaw reached 2/3 of circumference and its depth reached up to 60% of width. The mechanical property of material was found to be well uniform along the tube by the continuous indentation test. The incomplete penetration flaw was assumed to be a keen notch, and fitness for service was examined to observe the possibility of breakage crack and spread of crack in incomplete penetration area. As a result, it was observed to be usable under current operating condition, considering safety factor.
Introduction
Generally, the plant facilities are constructed to be perfect through pre-service inspection. Some facilities constructed in the past, however, were used to have some flaws caused by incomplete construction and inspection. As these facilities were mostly constructed considering safety factor, in ordinary condition, the facilities can be structurally safe as long as these flaws are not extended under general operational condition. However, if they get an unexpected impact from the outside, the defected area can be the source of breakage. Different from the above case, even sound facilities which were perfectly constructed can be deteriorated as they are gradually eroded or degraded by the longterm use under harsh environment. In such case, in-service inspection shall be performed regularly as predictive maintenance. In case of pre-service inspection performed at construction, it is relatively easy to inspect because the target to be examined is easily accessible, and the inspection is performed mainly for the welding zones. Also, clear conclusion can be made as the inspection is evaluated based on the manufacture standard. In case of in-service inspection, however, as the inspection is performed while the structure is functioning after being welded and assembled, the inspection conditions including accessibility to the target to be examined are far more complicated than those of pre-service inspection. Therefore, it requires comprehensive diagnosis for the soundness of facilities based on the inspection result. The facilities of oil refinery and petrochemical plant built in 70's and 80's when the economy was strongly growing are now reaching to the end of lifetime. However, comprehensive and reliable diagnosis for the soundness and remaining lifetime cannot be proposed up to now as non-destructive inspection is limited to pre-service inspection. Cost reduction by securing soundness and extending lifetime of plant facilities are prerequisite for the competitiveness of domestic device industry. Therefore, the demand for comprehensive diagnosis technology would be gradually increased. To observe the soundness of pipe transporting hot water for heating, which can be seriously deformed during the trial operation, we have checked the existence of flaws using normal non destructive inspection (RT, UT, MT, PT) and measured the mechanical property of pipe material using continuous indentation test, and finally carried out evaluation of fitness for service based on stress analysis and fracture mechanics as a means of diagnosis whether to reuse, replace or repair the pipe facilities. As a result of non destructive inspection, it was newly found that incomplete penetration flaw occurred in manufacturing process exists on every welding zone of pipe. Ultrasonic inspection was carried out to measure the depth of incomplete penetration flaw, metal tissue and mechanical property of materials. Figure 1 represents a schematic map of the area where heating pipes are installed. The area is around the residential place of Pohang Iron & Steel Company (POSCO). Pipes (2-4 m) were connected to each ends by welding. Total 38.3 km of pipe was examined visually to find out the section seriously deformed or deserted from the support due to thermal impact and performed with non destructive inspection for the sections to be examined. Samples were taken in areas indicated by open circles. Radiographic test was applied to check the existence of defects on inside welding zone and liquid penetration test and magnetic particle test were applied to find out the existence of defects on the pipe, welding surface of pipe support, and direct surface of pipe. Ultrasonic Test was carried out to measure the size of flaw precisely for the area found to have defects by radiographic test.
Experiments

Non destructive inspection
Measurement of mechanical property
In order to make correct interpretation for structure soundness on the welding zone, exact measurement of mechanical property for the material is required. Specially, for the prediction of the destruction of structure, it is necessary to calculate the flow stress of material. As the flow stress of carbon steel can be obtained from arithmetical mean of yield strength and tensile strength, continuous indentation test was carried out to measure the yield and tensile strength of pipe material.
1)
Stress analysis and fitness for service
Pipes, where the fluid flows, are affected by the fluid and weight of pipes. To evaluate this effect analytically, we idealized both the ends with fixed beam and assumed the effect of weigh as a distributed load. When the distributed load ! 0 works, the maximum moment on the pipe can be obtained from the following equation.
Here, M is the maximum moment of pipe, ! 0 is distribution weight and L is length. The following is the axial stress from the maximum moment.
¼
My I ð2Þ
Here, My is the maximum momentum for the y direction, as shown in Fig. 2 and second moment of area. I is obtained by the eq. (3).
where, R o is bend radius, t is thickness of the pipe, a is thickness of the area which has flaws (See Fig. 11 ). 3-dimensional finite element analysis was also carried out to compare results from analytical method and finite element analysis. Figure 2 shows finite element model and boundary conditions. For the finite element analysis, ABAQUS, generally used program, was applied. Setting the length of pipe, L, as a variable, we obtained the maximum stress loaded on the end of pipe. Symmetry condition was applied for both x and y directions shown in Fig. 2 , so the quarter of the body was used for the finite element analysis. The system contained 2,400 elements and 11,935 nodes; a rectangular element with 20 nodes was used. For elastic properties, E ¼ 200 GPa and ¼ 0:3 were taken. The gravitational force was considered by applying body force on the structure. Boundary condition was idealized assuming that ends of the beam were fixed. The effect of gravitation was assumed to be equal to distribution weight. Meanwhile, the pipe can be commonly categorized into thick-walled cylinder and thinwalled cylinder. The thick-walled cylinder is relatively thicker than the thin walled-cylinder. Generally, in case of R=t (R is bend radius, t is thickness of the pipe) ! 20, it is assumed to be thin-walled cylinder, and stress analysis is carried out. In this case, radial stress is ignored because of thinness of the pipe. And, the more R=t is, the less the difference between maximum and minimum stress becomes. For the 3-dimensional finite element analysis, the same stress analysis model described in the previous analysis was used by applying internal pressure to interior wall of pipe. The moment by weight and the stress by internal pressure are commonly called as the primary stress, which can make plastic collapse. Therefore, it is considered as important one when evaluating the soundness of pipe. Except these stresses, however, there are two more stresses to be analyzed.
3) One of them is thermal stress which arises from the temperature difference of fluid between inside of pipe and outside. As the pipe to be analyzed is thin-walled cylinder, the difference of significant temperature does not exist in normal operation status, which can be ignored. At initial unusual status, however, abnormally large thermal stress occurred by the temperature difference can be the main cause of plastic collapse which deforms the shape of pipe. The other stress is welding residual stress that is well known for its great influence on initiation of crack, erosion or crack propagation. 4) In our analysis, the plastic deformation resulted from large thermal stress at initial abnormal status alleviated the residual stress. Thus, the actual residual stress remaining in the pipe seems to be insignificant. This is very similar to the effect of plastic deformation arising at the time of water pressure test of pressure vessel on the residual stress and growth of fatigue crack. Therefore, in our analysis, effects of thermal stress and residual stress on the soundness of pipe were not taken into consideration.
The fracture toughness of pipe material was not also measured because it is known that the soundness can be evaluated with only the flow stress of material due to the sufficiently high ductility of carbon steel. Therefore, this research employed sufficient safety factor instead of considering fracture toughness.
Results and Discussion
Specification of pipe test
The pipe used in the analysis has following specification. Life: used for one year. Materials: carbon steel pipe (KS D3507 and KS D3562). External diameter: 450 mm and 500 mm. Nominal thickness: 7.07 mm and 7.7 mm. Total 
Result of non destructive inspection
The welding zone and support of pipe were examined using radiographic test, magnetic particle inspection and liquid penetration test to observe flaw on the pipe and its support to inspect any thermal impact during trial operation. Some places were found to have flaws where the connection part of pipe and support were deformed or separated. But there were no cracks caused by thermal impact on the welding zone of pipe. Meanwhile, as shown in Fig. 3 , incomplete penetration flaw, which might be considered to be defects by poor construction during the manufacturing process, was found on the overall welding zones. Therefore, ultrasonic test was performed to measure exact size of incomplete penetration flaw, and it showed the metal loss reached up to 40$60% of thickness.
Result of continuous indentation test
Figures 4 and 5 show the yield strength and tensile strength obtained from each continuous indentation test. Figure 4 indicates that measured yield strength exists within yield strength of carbon steel and Fig. 5 shows that measured tensile stress also exists within tensile strength of carbon steel. Figure 6 shows the flow stress calculated by yield strength and tensile strength. From Fig. 6 , we can find the minimum flow stress, f ¼ 300 MPa. Therefore, in this research, sensitive analysis was carried out with changing the flow stress from 200 to 400 MPa.
Stress analysis
As the interval between pipe supports is 2$4 m, we used analytical method 2) and finite element analysis to obtain axial stress for the length of pipe L ¼ 2000, 3000 and 4000 mm as shown in Fig. 7 . The results of two methods well agreed within 0.7%. Consequently, the weight of pipe and mid-hot water works as bending moment by the boundary condition supporting the pipe and this axial stress by the bending moment affects on the pipe. Figures 8 and 9 show the results of stress caused by internal pressure which was analyzed with finite element analysis and analytical method. 4) Finite element analysis was carried out only for the pipe whose diameter is 450 mm. The thickness of the pipe was 7.07. Thus, the analysis was carried out between 217 and 225 mm. In case of analytical method, the result of analysis on thickwalled cylinder and thin-walled cylinder showed that the error range falls to within 3%. The result of finite element analysis exactly coincided with that of analytical method performed for thick-walled cylinder. As shown in Fig. 8 , the maximum stress by internal pressure is circumferential stress, which is two times higher than axial stress. Radial stress can be ignored as it is relatively smaller than the circumferential stress and axial stress as shown in Fig. 10 . Therefore, circumferential stress is main factor to be analyzed for the pipe which has internal pressure. 
Evaluation for fitness for service
The pipe size of critical crack can be calculated using analyzed stress stated above and measured flow stress. In this research, the critical crack size was calculated using limit load analysis which is widely used in ASME Code. 5) In case that the pipe which has circumferential surface crack is affected by internal pressure and bending moment simultaneously, the limit load can be obtained from the following equation.
Here, m and p are non-dimensionalized moment and internal pressure, respectively and defined as below.
where R is bend Radius, P is internal pressure, t is thickness of the pipe and f is flow stress of the material. Also, as this subject was assumed that the crack exists on overall circumference of pipe (360 ), the eq. (4) uses ¼ =2 and its limit load is shown as following.
Currently, ASME Code uses safety factor 3 to secure the safety of analysis result. Therefore, for the value of internal pressure and moment caused by weight empty, we used three times value which was calculated previously. By substituting the m and p obtained into eq. (6), the critical crack length, a c =t, can be calculated.
Finally, we idealized incomplete penetration flaw on welding zone as crack to evaluate fitness for service. For the conservative analysis result, we assumed that the crack exists on overall circumference (360 ). In this case, the crack depth (a=t) becomes main analytical factor. Figure 11 presents the progress of flaw idealization. Figure 12 shows the calculated critical crack length when the flow stress is changed from 200 to 400 MPa. The depth of critical flaw increases as the flow stress increases, since flaw stress is defined as the resistant stress against crack propagation.
When 300 MPa was used as minimum flow stress as shown in Fig. 6 , the length of critical crack is about 85% of wall thickness and in case of using 200 MPa, the crack is safe up to 80% of wall thickness. Actually, the flow stress is far larger than this. When the flow stress is 400 MPa, it would be safe until the crack reaches up to 90% of wall thickness. Figure 13 shows the changes of critical crack length when the flow stress is minimum value of 300 MPa and the length of pipe (L) is changed from 2 m to 4 m. As shown in the result, the length of pipe can be ignored as its impact on the critical crack is less significant. 
Conclusions
We have diagnosed the pipe which had been deformed by heat impact during the trial operation and reached to following conclusions.
(1) The areas where the connection part of pipe and supports were separated or deformed were found everywhere, but the crack by heat impact was not found. (2) Some incomplete penetration flaws which were made during the manufacturing process were observed and the depth of flaw reached 60% compared with thickness. (3) Continuous indentation test was carried out to measure the mechanical property of material and found that the minimum flow stress is 300 MPa. (4) Fitness for service based on the fracture mechanics was examined and it was expected that there would be no problem with soundness of pipe, even though the depth of I.P reaches up to 85% of thickness. Therefore, it can be concluded that the existence of 60% of incomplete penetration generated during the manufacturing process may not cause any trouble. Fitness-for-Service Evaluation of a Pipe with an Incomplete Penetration Flaw
